Zoonotic transmission of brucellosis often results from exposure to Brucella-infected livestock, feral animals, or wildlife or frequently via consumption of unpasteurized milk products or raw meat. Since natural infection of humans often occurs by the oral route, mucosal vaccination may offer a means to confer protection for both mucosal and systemic tissues. Significant efforts have focused on developing a live brucellosis vaccine, and deletion of the znuA gene involved in zinc transport has been found to attenuate Brucella abortus. A similar mutation has been adapted for Brucella melitensis and tested to determine whether oral administration of ⌬znuA B. melitensis can confer protection against nasal B. melitensis challenge. A single oral vaccination with ⌬znuA B. melitensis rapidly cleared from mice within 2 weeks and effectively protected mice upon nasal challenge with wild-type B. melitensis 16M. In 83% of the vaccinated mice, no detectable brucellae were found in their spleens, unlike with phosphate-buffered saline (PBS)-dosed mice, and vaccination also enhanced the clearance of brucellae from the lungs. Moreover, vaccinated gamma interferon-deficient (IFN-␥ ؊/؊ ) mice also showed protection in both spleens and lungs, albeit protection that was not as effective as in immunocompetent mice. Although IFN-␥, interleukin 17 (IL-17), and IL-22 were stimulated by these live vaccines, only RB51-mediated protection was codependent upon IL-17 in BALB/c mice. These data suggest that oral immunization with the live, attenuated ⌬znuA B. melitensis vaccine provides an attractive strategy to protect against inhalational infection with virulent B. melitensis.
agent in bioterrorism attacks, and coupled with the lack of currently licensed vaccines, there is a significant need for effective vaccines for human brucellosis. Although efforts have consistently shown that live, attenuated vaccines provide the best protection against brucellosis challenge (18) , the current live animal vaccines for brucellosis, S19 and RB51 for cattle and Rev1 for small ruminants, remain less than ideal (51) . These vaccine strains have some disadvantages, including residual virulence, pathogenicity in accidental hosts (including humans), limited efficacy (9, 42, 58) , antibiotic resistance (39) , and interference with statutory diagnostic and surveillance measures (4) . While development of live attenuated Brucella vaccines continues to focus on deleting various genes required for survival, including znuA (32) , purE (1, 25) , wbkA (38) , and asp24 (30) , these vaccines show variable protection. Identifying such mutant strains is important, but consideration of alternate routes of vaccination may also be equally relevant.
We have previously reported that the ⌬znuA B. abortus mutant is attenuated, as evidenced by its reduced growth in macrophages and in mice relative to the growth of wild-type (wt) and vaccine strains (60) . In addition, intraperitoneal (i.p.) immunization of mice with ⌬znuA B. abortus decreases the number of CFU by log 10 1.7 units after i.p. challenge with wt strain 2308 (60) . Despite these data demonstrating attenuation and efficacy following parenteral immunization, the natural route of infection for humans and animals is often the oral route (14, 51) . Thus, mucosal vaccination can represent a useful alternative for the induction of protection against this disease because it can induce an immune response at the site of primary infection. Taking into account our previous findings, we queried whether the ⌬znuA B. abortus mutant could be successfully adapted for B. melitensis and found that oral immunization with this vaccine protects mice against nasal B. melitensis challenge.
MATERIALS AND METHODS
Development of the ⌬znuA B. melitensis mutant. Using the B. melitensis 16M genome sequence (GenBank accession number NC_003318), two pairs of primers were designed for amplification of the znuA upstream and downstream sequences spanning the ATG and the stop codon, respectively. Restriction enzyme sites of SacI and XbaI were integrated to the 5Ј ends of upstream primers 16Z-up-F and 16Z-up-R, and XbaI and SalI were fused to the 5Ј ends of the downstream primers of 16Z-dn-F and 16Z-dn-R, respectively ( Table 1 ). The 1,185-bp and 1,178-bp DNA fragments of the upstream and downstream znuA DNA sequences were amplified by PCR. These fragments were cloned into the suicide plasmid pCVD442 and cut with SacI and SalI to form plasmid pUD_znuA. Because of the fusion at the XbaI site in pUD_znuA, an 834-bp DNA fragment of the znuA inner sequence was deleted. Suicide plasmid pUD_znuA was transferred to wt 16M via Escherichia coli S17-1 pir ϩ , and the ⌬znuA mutation selection was conducted as previously described (60) . Selection of the ⌬znuA B. melitensis mutant was confirmed by PCR using a pair of primers, Z-ck-F2 and Z-ck-R2 (Table 1) . Through PCR verification, a ⌬znuA mutant colony was identified with a DNA fragment of 273 bp, compared with a wt znuA gene of 1,107 bp. Thus, an 834-bp in-frame DNA deletion was successfully accomplished for our mutant strain, ⌬znuA B. melitensis 16M.
Evaluation of ⌬znuA B. melitensis replication in RAW264.7 macrophages. RAW264.7 cells (American Type Culture Collection, Manassas, VA) were used to assess ⌬znuA B. melitensis mutant survival in macrophages compared to those of the wt B. melitensis 16M strain and RB51 vaccine strain. Infections were conducted as previously described (47) . Briefly, 1.25 ϫ 10 6 cells/well in complete medium (CM; RPMI 1640, 10% fetal bovine serum [Atlanta Biologicals, GA], 10 mM HEPES buffer, 10 mM nonessential amino acids, 10 mM sodium pyruvate) without antibiotics were allowed to adhere to plastic in 24-well microtiter dishes (B-D Labware, Franklin, NJ) for 3 h at 37°C. Wells were washed, and the nonadherent cells were collected and counted to determine cell numbers that remained plastic adherent. After overnight culture, cells were infected with bacterium-to-macrophage ratios of 30:1 for 1 h at 37°C. Wells were washed twice with CM without antibiotics and then incubated with 50 g/ml of gentamicin (Life Technologies) for 30 min at 37°C. After two washings, as described above, fresh CM without antibiotics (1.0 ml/well) was added, and cells were incubated for an additional 4, 24, or 48 h. Infected macrophages were water lysed, and supernatants were diluted for CFU enumeration.
Animals. All experiments with live brucellae were performed in biosafety level 3 facilities. Female BALB/c mice (Frederick Cancer Research Facility, National Cancer Institute, Frederick, MD) and breeding pairs of gamma interferonnegative (IFN-␥ Ϫ/Ϫ ) mice on a BALB/c background (59) were maintained at the Montana State University Animal Resource Center in individually ventilated cages under HEPA-filtered barrier conditions of 12 h of light and 12 h of darkness and provided with food and water ad libitum. Experiments were conducted with 7-to 9-week-old age-matched mice. All animal care and procedures were in accordance with institutional policies for animal health and well-being.
Inoculation with Brucella strains. For oral inoculation, the wt B. melitensis 16M, ⌬znu〈 B. melitensis mutant, RB51, and S19 strains were grown overnight in shaker flasks in Brucella broth (BB; BD Diagnostic Systems, Franklin Lakes, NJ) at 37°C. A total of 2 to 3 ml of these broth cultures was plated on multiple 15-cm-diameter petri dishes containing Brucella agar (BA). After 3 days of incubation at 37°C with 5% CO 2 , plates were harvested with saline. Cells were pelleted, washed twice in sterile phosphate-buffered saline (sPBS), and diluted to 3 ϫ 10 11 cells/200 l in sPBS. The actual number of viable inoculum CFU was confirmed by serial dilution tests on potato infusion agar (PIA), and 0.2 ml of this suspension was administered to mice 15 min after oral administration of 0.2 ml of sterile 2.5% sodium bicarbonate via a 20-gauge stainless steel feeding tube attached to a 1-ml syringe. For nasal challenge, 30 l of B. melitensis 16M suspension containing 2 ϫ 10 4 CFU of bacteria was administered with a micropipette dropwise into the anterior nares of mice. The challenge dose was confirmed by plating B. melitensis on PIA.
In vivo colonization studies. The persistence of brucellae following oral inoculation with ⌬znuA B. melitensis, RB51, and S19 was evaluated. At 1, 2, 3, and 4 weeks after inoculation, spleens, Peyer's patches (PPs), and mesenteric lymph nodes (MLNs) were collected and bacterial colonies were enumerated.
Efficacy studies. To assess the protective efficacy of the ⌬znu〈 mutant, BALB/c and IFN-␥ Ϫ/Ϫ mice were orally immunized on day 0 with ⌬znuA B.
melitensis (n ϭ 12), RB51 (n ϭ 12), or PBS (n ϭ 12). Mice were subsequently challenged nasally with wt B. melitensis strain 16M at 8 weeks postvaccination. Four weeks after virulent challenge, the animals were euthanized, individual spleens and lungs were removed, and bacterial colonies were enumerated. Upon termination of study, individual tissues were removed. Organs were suspended in 1 ml of sterile Milli-Q water and mechanically homogenized in tissue grinders. A total of 20 l of undiluted homogenates and serial 10-fold dilutions of homogenates were grown in cultures on BA. After incubation for 3 to 5 days at 37°C in 5% CO 2 on PIA, Brucella colonies were enumerated, and numbers of CFU per spleen were calculated.
In vivo IL-17 neutralization study. To assess the role of interleukin 17 (IL-17) during challenge, groups of BALB/c mice were orally immunized with ⌬znuA B. melitensis (n ϭ 16), RB51 (n ϭ 16), or PBS (n ϭ 10), and similar vaccination groups of IFN-␥ Ϫ/Ϫ mice were immunized with ⌬znuA B. melitensis (n ϭ 18), RB51 (n ϭ 18), or PBS (n ϭ 17), as described above, rested for 4 weeks, and then subjected to IL-17 neutralization. Twenty-four hours prior to the day of challenge, half of the mice in each immunization group were treated with 250 g of anti-mouse IL-17 monoclonal antibody (MAb) (Bio X Cell, West Lebanon, NH) or mouse IgG (Rockland, Gilbertsville, PA) in 200 l of sPBS. After nasal challenge with wt B. melitensis 16M, anti-IL-17 MAb or isotype control antibody (Ab) treatment was continued every 7 days for the duration of the experiment. Four weeks after challenge, individual spleens were removed, and bacterial colonies were enumerated. Ab ELISA. To determine levels of Abs induced to heat-killed RB51, an enzyme-linked immunosorbent assay (ELISA) was used to measure immune serum IgG, IgG1, IgG2a, and IgG2b levels. Heat-killed RB51 was used to avoid evaluation of antilipopolysaccharide (anti-LPS) Ab responses. To generate heatkilled RB51, RB51 was cultured in BB, and cells were subsequently heat killed by boiling them for 20 min; they were washed 5 times with sPBS prior to being aliquoted and stored at Ϫ70°C until use. The absence of RB51 viability was determined subsequent to heat killing by observing the absence of bacterial growth on BA (BD Diagnostic Systems). Heat-killed RB51 (5 ϫ 10 9 CFU/ml) was used to coat MaxiSorp microtiter plates (Nunc, Roskilde, Denmark) at 50 l/well overnight at 4°C. Plates were washed four times with a wash buffer (Tris-buffered saline [pH 7.4] with 0.05% Tween 20), blocked with 2% milk in Tris-buffered saline for 2 h at 37°C, and then incubated with serial dilutions of the sera from mice for 3 h at room temperature and washed three times. Horseradish peroxidase-conjugated goat anti-mouse IgG, IgG1, IgG2a, or IgG2b Abs (Southern Biotechnology Associates, Birmingham, AL) were used for detection. After 90 min of incubation at 37°C and a washing step, the specific reactivity was determined by the addition of an enzyme substrate, ABTS {[2,2_azinobis(3-ethylbenzthiazolinesulfonic acid)] diammonium} (Moss, Inc., Pasadena, CA) at 50 l/well. The absorbance was measured at 415 nm on a BioTek Instruments ELx808 plate reader (Winooski, VT). Endpoint titers were defined as the highest reciprocal of dilution of sample giving an optical density at 415 nm of 0.100 U above that of negative controls after 1 h of incubation at 25°C. Cytokine ELISA. Cytokine responses were measured 3 weeks after oral immunization with the ⌬znuA B. melitensis vaccine or 4 weeks after B. melitensis 16M challenge. Splenic, head and neck lymph node (HNLN), and lower respiratory LN (LRLN) lymphocytes were pressed through a cell strainer (BD Falcon) into CM. Cells were pelleted at 1,700 rpm for 10 min; 10 ml ACK red blood cell lysis buffer (0.15 M NH 4 Cl, 10 mM KHCO 3 , 0.1 mM Na 2 -EDTA) was added to the lymphocyte pellet for 5 min. In each experiment, splenic lymphocytes were pooled from 2 to 3 mice (8 to 9 mice/experiment), and all LN lymphocytes were pooled from a single experiment. Lymphocytes were pelleted and washed with PBS, enumerated, and then resuspended in CM to be cultured in 24-well tissue plates at 5 ϫ 10 6 cells/ml alone or restimulated with heat-killed RB51 (1 ϫ 10 9 CFU/ml) in triplicate for 3 days at 37°C. Supernatants were collected at day 3 and frozen at Ϫ80°C. Capture ELISAs were performed on supernatants for IFN-␥, IL-17, and IL-22 using MAb pairs, as previously described (54). Statistical analysis. To evaluate differences among Ab titers, cytokine responses, in vitro levels of infection, and in vivo splenic weights, as well as levels of colonization by RB51, ⌬znuA B. melitensis, or wt 16M, an analysis of variance (ANOVA) followed by Tukey's method was used, and results were discerned to the 95% confidence interval.
RESULTS
⌬znuA B. melitensis growth is attenuated in RAW264.7 macrophages. The generation of the ⌬znuA B. melitensis strain was similar to that previously described for ⌬znuA B. abortus (60) , and PCR was used to confirm successful deletion. To assess whether this mutant was attenuated, RAW264.7 macrophages were infected with ⌬znuA B. melitensis at a 30:1 ratio of bacteria to macrophages, and their ability to replicate was compared to that of wt strain B. melitensis 16M and the RB51 vaccine at three time points, 4, 24, and 48 h (Fig. 1) . At 0 h, there were no differences in the numbers of bacterial CFU among wt 16M, the ⌬znuA mutant, and RB51. At 4 h, the number of RB51 CFU was significantly greater than those of the other two strains (P Ͻ 0.05). By 24 h, the ⌬znuA B. melitensis mutant's growth in macrophages was significantly arrested compared to that of wt 16M or RB51 (P Յ 0.001), and growth remained arrested at 48 h (P Յ 0.001). These results demonstrate that the ⌬znuA B. melitensis mutant has a reduced ability to replicate in RAW264.7 macrophages compared to that of virulent B. melitensis or the RB51 vaccine strain.
⌬znuA B. melitensis is attenuated in BALB/c mice. To access its virulence in vivo, a kinetic analysis was performed to ascertain the rate that the ⌬znuA B. melitensis strain was eliminated from the host. BALB/c mice (n ϭ 12) were orally infected with 3 ϫ 10 11 CFU of the ⌬znuA B. melitensis strain, the smooth S19 vaccine strain, or the rough RB51 vaccine strain, and the colonization of spleens, PPs, and MLNs was evaluated at 1, 2, 3, and 4 weeks postinfection. By 2 weeks postinfection, ⌬znuA B. melitensis was undetectable in spleens and PPs ( Fig. 2A and B) . The mutant strain could not be recovered from MLNs, even 1 week postinfection (Fig. 2C) . While not as rapidly cleared as ⌬znuA B. melitensis, RB51 was effectively cleared from all of these tissues by week 3 postinfection ( Fig. 2A to C ). In contrast, mice infected with S19 showed progressively elevated levels of colonization of the spleen, PPs, and MLNs by week 2 ( Fig. 2A to C) . These results show that ⌬znuA B. melitensis is more rapidly cleared from the host than the S19 and RB51 strains.
⌬znuA B. melitensis confers protection in BALB/c and IFN-␥ ؊/؊ mice. To assess its protective efficacy, groups of BALB/c and IFN-␥ Ϫ/Ϫ mice were orally immunized (n ϭ 12) with ⌬znuA B. melitensis, RB51 (n ϭ 12), or PBS (n ϭ 12) on day 0. Mice were nasally challenged 8 weeks postimmunization with 2 ϫ 10 4 cells of wt B. melitensis strain 16M. Four weeks after challenge, mouse spleens and lungs were evaluated for their extent of colonization by wt B. melitensis strain 16M. Immunization of BALB/c mice with ⌬znuA B. melitensis conferred significant (P Յ 0.001) protection, by as much as 3 log units, against colonization by wt B. melitensis relative to that of PBS controls (Fig. 3A) . This observed protection was significantly greater than that of RB51-immunized mice (P Ͻ 0.05). Importantly, the ⌬znuA B. melitensis vaccine conferred sterile immunity (no detectable CFU) in 10/12 orally immunized mice (a protective efficacy of 83%) compared to 0/12 PBS-dosed mice or 5/12 RB51-vaccinated mice (a protective efficacy of 42%) (Fig. 3A) . In addition, both ⌬znuA B. melitensis and RB51 conferred significant (P Ͻ 0.05) protection in BALB/c lungs (Fig. 3B) . Sterile immunity was observed in 7/12 mice orally immunized with ⌬znuA B. melitensis, compared to 2/12 mice in a PBS control group (a protective efficacy of 42%) (Fig. 3B) . Impressively, oral immunization of IFN-␥ Ϫ/Ϫ mice with ⌬znuA B. melitensis conferred protection in lungs (1.85 log units of protection; P Յ 0.001) that was greater than in RB51-vaccinated mice (Fig. 4E) and IL-22 (P Յ 0.001) (Fig. 4I) relative to levels of naive lymphocytes from PBS-dosed mice. When similar evaluations were performed with the same vaccination groups, but 8 weeks after wt challenge, all BALB/c mice showed elevated IFN-␥ (Fig. 4C) and IL-22 (Fig. 4K ) production, and both RB51-and ⌬znuA B. melitensis-vaccinated mice showed enhanced IFN-␥ and IL-22 production relative to their prechallenge levels (P Յ 0.001) (Fig. 4A, C, I , and K). Moreover, RB51-vaccinated mice showed modestly more IFN-␥ than ⌬znuA B. melitensis-vaccinated mice (P Յ 0.001) (Fig.  4C ), but there were no differences in IL-22 levels for these vaccinated groups (Fig. 4K) . In contrast, at postchallenge, ⌬znuA B. melitensis-vaccinated BALB/c mice showed enhanced IL-17 production relative to prechallenge and RB51-vaccinated mice (P Յ 0.001) (Fig. 4E and G) .
To ascertain whether IL-17 and IL-22 could possibly compensate for the absence of IFN-␥, similar studies were conducted using IFN-␥ Ϫ/Ϫ mice. IL-17 was significantly enhanced at prechallenge in RB51-and ⌬znuA B. melitensis-vaccinated IFN-␥ Ϫ/Ϫ mice by 15-and 5.4-fold, respectively, relative to levels in similarly vaccinated BALB/c mice ( Fig. 4E and F) . At postchallenge, IL-17 levels were 3-fold greater in ⌬znuA B. melitensis-vaccinated IFN-␥ Ϫ/Ϫ mice than in RB51-vaccinated IFN-␥ Ϫ/Ϫ mice (P Յ 0.001) (Fig. 4H ) and enhanced relative to prechallenge levels ( Fig. 4F and H) . On the other hand, at prechallenge, IL-22 stimulated by either RB51-or ⌬znuA B. melitensis-vaccinated IFN-␥ Ϫ/Ϫ lymphocytes showed significant increases relative to lymphocytes from PBS-dosed mice (P Յ 0.001) (Fig. 4J) ; however, there were no significant differences in the levels of production of IL-22 between vaccinated BALB/c and IFN-␥ Ϫ/Ϫ mice. At postchallenge, the ⌬znuA B. melitensis-vaccinated IFN-␥ Ϫ/Ϫ mice showed slightly more IL-22 than RB51-vaccinated mice, relative to prechallenge levels ( Fig. 4J and L) .
Ag-stimulated lymphocytes from the respiratory LNs (combined HNLNs and LRLNs) from RB51-and ⌬znuA B. melitensis-vaccinated mice failed to produce detectable levels of IFN-␥, IL-17, or IL-22 (data not shown), which is understandable, since mice were orally vaccinated and not expected to stimulate these distal sites. Thus, prechallenge cytokine levels are not shown. However, following challenge with B. melitensis 16M, lymphocytes from BALB/c respiratory LNs showed some induction of IL-17 (Fig. 5A ), but IL-22 showed a more robust induction, especially by ⌬znuA B. melitensis-vaccinated mice, and more so than levels induced by RB51-vaccinated mice (P Յ 0.001) (Fig. 5C) . As with the splenic IFN-␥ responses, both RB51-and ⌬znuA B. melitensis-vaccinated mice showed elevated IFN-␥ production (Fig. 5E ). In the absence of IFN-␥, although IL-17 was robustly induced, it did not appear modulated by Ag restimulation since in the absence of heat-killed RB51, IL-17 remained elevated (Fig. 5B) . In a similar fashion, both unvaccinated and RB51-vaccinated IFN-␥ Ϫ/Ϫ mice showed IL-22 production (Fig. 5D ), but ⌬znuA B. melitensisvaccinated IFN-␥ Ϫ/Ϫ mice showed enhanced IL-22 production (P Յ 0.001) upon Ag restimulation (Fig. 5D) .
Immunization with ⌬znuA B. melitensis induces specific humoral immune responses to heat-killed RB51. To determine the type of Ab responses, BALB/c and IFN-␥ Ϫ/Ϫ mice were orally immunized with ⌬znuA B. melitensis or RB51, and 3 weeks later, serum samples were evaluated for Ag-specific endpoint titers. RB51-and ⌬znuA B. melitensis-vaccinated BALB/c mice developed modest anti-RB51 IgG endpoint titers of 2 10 and 2 14 , respectively (Fig. 6A) . Similarly, RB51-vaccinated IFN-␥ Ϫ/Ϫ mice showed equivalent IgG titers of 2 15 , but the ⌬znuA B. melitensis-vaccinated mice showed a lower IgG titer of 2 7 (Fig. 6B) . Analysis of subclass titers in BALB/c and IFN-␥ Ϫ/Ϫ mice revealed that IgG2a and IgG2b responses dominated with both vaccines (P Ͻ 0.05) (Fig. 6A and B) . (Table 2 ). In contrast, IL-17 neutralization had no significant impact upon ⌬znuA B. melitensis-vaccinated mice or unvaccinated (PBSdosed/IgG-treated) mice (Table 2) . However, IL-17 neutralization of RB51-vaccinated IFN-␥ Ϫ/Ϫ mice had a minor effect (0.43 log 10 units of protection) (P Ͻ 0.001), but it did reduce protection by 2.4 log 10 units (P Յ 0.009) in ⌬znuA B. melitensisvaccinated IFN-␥ Ϫ/Ϫ mice ( Table 2 ). In addition, PBS-dosed IFN-␥ Ϫ/Ϫ mice treated with anti-IL-17 MAb showed increased CFU burdens in their spleens relative to PBS-dosed/IgGtreated IFN-␥ Ϫ/Ϫ mice (P Յ 0.001) ( Table 2 ). Oral immunization with ⌬znuA B. melitensis or RB51 had minimal impact on splenic weights in this experiment (Table 2 ). These data show that IL-17 can contribute to adaptive immune responses against B. melitensis, but its role in protection against wt B. melitensis is varied and dependent upon the vaccine used. Interestingly, IL-17 was important for protection mediated by RB51 in BALB/c mice.
DISCUSSION
Brucellosis remains a global health problem (19, 45) , and there are no vaccines available for humans. Infection usually occurs following mucosal exposure, yet brucellosis is predominantly a systemic disease (7, 36) . As such, oral delivery of brucellosis vaccines is an appealing method of immunization since vaccination should stimulate the mucosal immune system IFN-␥ (A, B) , IL-17 (E, F), and IL-22 (I, J) production. Pooled splenic lymphocytes from 2 to 3 mice/culture and at least three cultures/experiment were restimulated with media or 1 ϫ 10 9 CFU of heat-killed RB51 for 3 days. The remaining half of the mice were nasally challenged with 2 ϫ 10 4 CFU of wt B. melitensis 16M 8 weeks after immunization. Four weeks postchallenge, pooled splenic lymphocytes from 2 to 3 mice/culture and at least three cultures/experiment were restimulated with media or 1 ϫ 10 9 CFU of heat-killed RB51 for 3 days, and culture supernatants were evaluated for IFN-␥ (C, D), IL-17 (G, H), and IL-22 (K, L) production. Cytokine production was measured by cytokine-specific ELISAs. Results are expressed as the means Ϯ SEM of results from triplicate cultures from two independent experiments. Significant differences in IFN-␥, IL-17, or IL-22 production were determined. * , P Յ 0.001; ** , P Ͻ 0.05 (versus PBS-immunized mice); †, P Յ 0.001; † †, P Ͻ 0.05 (versus the prechallenge level for the same vaccinated group); ‡, P Յ 0.001; ‡ ‡, P Ͻ 0.05 (between RB51-and ⌬znuA B. melitensis-vaccinated mice). ND, none detected.
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on July 7, 2017 by guest http://iai.asm.org/ (20, 29) . Similarly, live attenuated vaccines are generally considered to be the type of vaccine of choice for intracellular bacteria, such as Brucella spp. (50) . To investigate whether oral vaccination can confer protective immunity, the ⌬znuA B. melitensis vaccine was constructed based on findings obtained from a related B. abortus mutant shown to be experimentally as effective as the cattle vaccine RB51 in mice when given parenterally (60) . Our results here demonstrated that a single oral dose of ⌬znuA B. melitensis vaccine significantly protects mice from dissemination of infection to the spleen following nasal challenge with wt B. melitensis 16M. Moreover, the majority of vaccinated animals showed no live brucellae in their tissues, resulting in a protective efficacy of 83%. Oral immunization has also been proven to be effective against nasal B. melitensis 16M challenge using the ⌬purEK B. melitensis 16M mutant (WR201) strain (28) . In addition to protecting against systemic disease, oral immunization with ⌬znuA B. melitensis had a significant effect upon brucella replication in the lungs of BALB/c mice. These findings are similar to those by Izadjoo et al. (28) , who used their ⌬purEK B. melitensis 16M mutant; however, i.p. immunization with the same vaccine confers only modest protection in the lungs (25) . Oral immunization with ⌬znuA B. melitensis of immunocompromised IFN-␥ Ϫ/Ϫ mice shows significant protection in the lungs and spleens, suggesting that in the absence of IFN-␥, additional cellular mechanisms are activated, possibly via Th17 cells.
A variety of attenuated Brucella mutants which are able to persist in host tissues following infection have been identified (2, 17, 24) , and a positive correlation was found between vaccine persistence and protection (30) . Although Brucella vaccines can persist for an extended period of time, providing protection against wt Brucella challenge, a potential disadvantage of using live attenuated Brucella vaccines in humans is the possibility of incomplete clearance of the vaccine (50) . Persistent infections with vaccine strains have occasionally been reported to occur in vaccinated animals. These strains can be shed into the milk or aborted fetuses and can infect humans (5). Our findings were particularly encouraging in that the (52) . Thus, there can be instances when IFN-␥ responses are impaired in humans. Given these possibilities, other cell types of the same and different cytokine preferences may also contribute (16) . The discovery of a new Th cell subset, Th17 cells (27) , has been implicated in a wide range of autoimmune and autoinflammatory diseases (6, 26, 33, 40, 43) , and it also has been shown to be important for protective immunity to a variety of extracellular and intracellular pathogens (13, 46) .
Currently, the role of Th17 cell cytokines in Brucella immunity is largely unknown. A possible mechanism for Th17 cell involvement in protection against Brucella is that pathogenspecific Th17 cells may enhance or work synergistically with Th1 cells for optimal protection. It has been shown that IL-17 induces the expression of the CXCR3 ligands in the lungs of vaccinated animals after challenge with the intracellular pathogen Mycobacterium tuberculosis, thus regulating the trafficking of Th1 cells to the site of infection (13) mice abrogated protection, although it did not affect the efficacy of RB51 vaccination in mice. However, in immunocompetent mice, IL-17 neutralization reduced protection elicited by RB51 immunization and did not influence the protection obtained by the ⌬znuA B. melitensis vaccine. This suggests that the protection conferred by these two vaccines may occur via different mechanisms.
The role of the Th17 cell cytokine IL-22 is even less well understood in the context of Brucella infections. It has been shown that IL-22 is produced by memory CD4 ϩ T cells and may be important for adaptive immunity against the intracellular pathogen Mycobacterium (55) . Another study suggests that IL-22 diminishes the growth of M. tuberculosis in monocyte-derived human macrophages by enhancing cellular phagolysosomal fusion (15) . Given IL-22's role in Mycobacterium, we queried whether it would be specifically enhanced by our live vaccine. Both RB51-and ⌬znuA B. melitensis-vaccinated BALB/c and IFN-␥ Ϫ/Ϫ mice showed significantly enhanced IL-22 production prior to and after challenge. Interestingly, IL-22 was induced upon vaccination of BALB/c mice with either vaccine, and both vaccines potently induced IL-22 after a subsequent wt Brucella challenge. Evaluation of cytokine responses by BALB/c respiratory LNs showed similar trends in the vaccinated mice postchallenge, with ⌬znuA B. melitensis-vaccinated mice showing the greatest elevations in IL-22 production. Although IL-22 was also induced upon Ag restimulation of these LNs from ⌬znuA B. melitensis-vaccinated IFN-␥ Ϫ/Ϫ mice, IL-17 levels remained unchanged in all of the vaccinated groups. Of the three experiments, lymphocytes from respiratory LNs from any of the (prechallenge) vaccinated groups were unable to produce detectable cytokine responses. This was not totally unexpected since the respiratory LN lymphocytes had not seen brucellae. Nonetheless, these data demonstrate that, indeed, Th17 cells are stimulated subsequent to oral vaccination and following challenge with B. melitensis 16M, and additional studies will be important to elucidate the role of IL-22 in brucellosis and brucellosis vaccination.
The protective immunity observed could possibly be attributed to other cellular sources, including ␥␦ T cells, NKT cells, and CD8
ϩ T cells. Alternatively, the stimulation of Th17 cells may be influenced by routes of immunization or challenge. Studies evaluating other lung pathogens have found that Th17 cells exert a more prominent role for pulmonary protection against bacterial pathogens (reviewed in reference 56), which could account for the elevated IL-17 and IL-22 responses in addition to IFN-␥ after nasal B. melitensis 16M challenge. These findings suggest that the induced IL-17 and IL-22 potentially support Th1 cell-dependent immunity. Additional studies are needed to further dissect the importance of the induced Th17 cells.
In conclusion, our findings reveal that the oral live vaccine candidate ⌬znuA B. melitensis induces protection against nasal challenge with wt B. melitensis 16M by inducing both systemic and mucosal Th1 and Th17 cells, with the latter producing IL-17 and IL-22. This is the first demonstration that oral vaccination with a live brucellosis vaccine is capable of stimulating potent Th17 cell responses, which contribute to the protection conferred by RB51.
